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Abstract Recent developments of transition-edge sensors (TESs), based on 160 
extensive experience in ground-based experiments, have been making the 161 
sensor techniques mature enough for their application on future satellite 162 
CMB polarization experiments. LiteBIRD is in the most advanced phase 163 
among such future satellites, targeting its launch in Japanese Fiscal Year 164 
2027 (2027FY) with JAXA’s H3 rocket. It will accommodate more than 165 
4000 TESs in focal planes of reflective low-frequency and refractive 166 
medium-and-high-frequency telescopes in order to detect a signature 167 
imprinted on the cosmic microwave background (CMB) by the primordial 168 
gravitational waves predicted in cosmic inflation. The total wide frequency 169 
coverage between 34GHz and 448GHz enables us to extract such weak 170 
spiral polarization patterns through the precise subtraction of our Galaxy’s 171 
foreground emission by using spectral differences among CMB and 172 
foreground signals. Telescopes are cooled down to 5Kelvin for suppressing 173 
thermal noise and contain polarization modulators with transmissive half- 174 
wave plates at individual apertures for separating sky polarization signals 175 
from artificial polarization and for mitigating from instrumental 1/f noise. 176 
Passive cooling by using V-grooves supports active cooling with mechanical 177 
coolers as well as adiabatic demagnetization refrigerators. Sky observations 178 
from the second Sun-Earth Lagrangian point, L2, are planned for three years. 179 
An international collaboration between Japan, USA, Canada, and Europe is 180 
sharing various roles. In May 2019, the Institute of Space and Astronautical 181 
Science (ISAS), JAXA selected LiteBIRD as the strategic large mission    182 
No. 2. 183 
 184 
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1 Concept of LiteBIRD 188 
 189 
It has been suggested since the 1980s [1,2,3] that inflation occurred in the 190 
very early, high energy Universe, to resolve remaining issues of the Big 191 
Bang theory, such as uniformity, flatness, and monopole problems. Cosmic 192 
inflation predicts primordial gravitational wave production, with quantum 193 
fluctuations of spacetime as its origin.  The LiteBIRD (Lite (Light) satellite 194 
for the studies of B-mode polarization and Inflation from cosmic background 195 
Radiation Detection) aims to detect signatures of these primordial 196 
gravitational waves in the form of specific curl patterns [4,5] of polarization 197 
angle distribution of the Cosmic Microwave Background (CMB). The sizes 198 
of expected spiral patterns in the sky are characterized by Hubble lengths at 199 
the electron scattering eras of the CMB, since primordial gravitational waves 200 
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that enter the horizon then most effectively produce tensor anisotropies. It is 201 
therefore essential to cover the whole sky to investigate these large Hubble 202 
lengths at the recombination era as well as the reionization era. 203 
LiteBIRD is focused on this point: targeting [6] both the recombination 204 
era with the multipole moment l between 11 and 200 and of the reionization 205 
era with l between 2 and 10, optimizing the angular resolution. The other 206 
important concepts of this satellite are a warm launch without the 207 
requirements of heavy vessels/tanks, and use of multichroic detectors for the 208 
effective exploitation of finite focal plane areas. Advantages of 209 
measurements from space are being free from atmospheric effects, providing 210 
high sensitivity, stability with less systematic uncertainties [e.g.,7], and no 211 
restrictions on observing-band selection. Space measurements also give no 212 
pickup from the ground. The Sun-Earth L2 point has been selected, since the 213 
Sun, the Earth, and the Moon are all located in almost the same direction, 214 
which makes it easier to avoid facing them in terms of optical and thermal 215 
aspects. Care should be taken, however, on cosmic ray effects [8] because 216 
the satellite is more directly exposed to them. Sky observations are planned 217 
for 3years: the presently guaranteed cooling-chain lifetime is 3.5years, in 218 
which 0.5year is assigned to the transitional period to the normal 219 
observation phase on course to L2. A scanning strategy with a combination 220 
of boresight spin angle of 50° around the satellite axis and its precession-like 221 
rotation around the anti-Sun direction of 45° is used (Fig.1), since this 222 
combination provides not only a fairly uniform sky coverage but also the 223 
minimization of instrumental systematic uncertainties in polarization 224 
measurements. 225 
 226 
 227 
 228 
Fig. 1 Left: Conceptual design of LiteBIRD. Warm launch is planned with 229 
JAXA’s H3 rocket. Right: Scans with spin angle 50° and precession 230 
angle 45° at L2. (Color figure online) 231 
232 
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 235 
Fig. 2 Top: Designs of LFT (left) [9] and MHFT (right) [12]. Middle: Pixel 236 
distribution in LFT (left), MFT (center), and HFT (right) focal planes. Pixel 237 
diameters are: 23.6mm for red (central frequencies of 40, 60, 78GHz) and orange 238 
(50, 68, 89GHz) pixels; 15.6mm for green (68, 89, 119GHz) and light blue (78, 100, 239 
140GHz) pixels in LFT; 11.6mm for black (100, 140, 195GHz) and gray (119, 240 
166GHz) pixels in MFT; 6.6mm for pink (195, 280GHz) and light green (235, 241 
337GHz) pixels; and 5.7mm for blue (402GHz) pixels in HFT. Bottom: Predicted 242 
LiteBIRD sensitivity. Colors correspond to those shown in the pixel distributions. 243 
Frequency ranges for LFT, MFT, and HFT are shown with black arrows. 244 
Frequencies of CO J=1-0, 2-1, 3-2, 4-3 and HCN J=1-0 lines are shown as thin 245 
vertical brown dashed lines. Total sensitivity is 2K arcmin. (Color figure online) 246 
247 
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Table 1. Updated basic parameters and current baseline design for LiteBIRD 248 
Mission category JAXA’s strategic large mission 
Launch vehicle H3-22L or equivalent 
Launch schedule 2027 FY 
Ground station JAXA’s ground stations (USC, GREAT) 
Observation period 3 years 
Uncertainty of tensor-to-scalar 
ratio r 
r < 1 x 10-3 
Multipole moment 2 ≦ l ≦ 200 
Orbit Second Sun–Earth Lagrangian point L2; Lissajous orbit 
Scan Precession angle 45° (10-2–10-3 rpm); spin angle 50° (0.05–0.1 rpm)  
Pointing knowledge < 2.1 arcmin 
Cooling system Radiative cooling and mechanical refrigerators (Stirling and JT) 
without cryogens. Cool in space after launch. ADRs are used to 
cool the focal plane down to 100 mK 
Focal-plane detector Multi-chroic superconducting detector arrays with more than 4000 
TES bolometers 
Sensitivity 2K・arcmin 
Observing frequencies 15 bands between 34 and 448 GHz 
Modulation Satellite spin and half-wave-plate modulation 
Data transfer 9.6 GByte / day 
Mass 2.6 ton 
Electrical power 3.0kW 
 249 
Table 2. LiteBIRD telescope parameters 250 
Telescope Low freq. Medium freq. High freq. 
Frequency 34–161 GHz 89–224 GHz 166–448 GHz 
Telescope field of view 20°×10° 28°diameter 28°diameter 
Aperture diameter 400 mm 300 mm 200 mm 
Angular resolution 70–24 arcmin 38–28 arcmin 29–18 arcmin 
Rotational HWP 46–83 rpm 39–70 rpm 61–110 rpm 
Number of detectors 1248 2074 1354 
2 Status of LiteBIRD 251 
In May 2019, the Institute of Space and Astronautical Science (ISAS), 252 
JAXA confirmed that LiteBIRD completed activities planned during Pre- 253 
phase A2 (previously called Phase-A1 and dedicated to the concept study 254 
and development of key technologies) and selected LiteBIRD as the strategic 255 
large mission No. 2, with modifications to the cooling chain and 256 
subsequently the focal plane designs: we have chosen to use adiabatic 257 
demagnetization refrigerators (ADRs) in series, removing ideas [6,9] of 258 
using a JAXA-provided 1-K Joule-Thomson cooler and of having 2-K 259 
telescope apertures. To recover the degraded sensitivity with 5-K apertures 260 
instead, we have increased the number of detectors. With the international 261 
collaboration between Japan, USA, Canada, and Europe, the satellite is 262 
planned to be launched with JAXA’s H3 rocket in 2027FY (Fig. 1). Tables 1 263 
and 2 summarize the updated basic parameters and current baseline design. 264 
3 Current design and technical progresses of LiteBIRD 265 
3.1 Cooling chain 266 
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With the design modification required, we have selected the following 267 
baseline combination for the cooling chain: i) down to 5K a sunshield and 268 
passive cooling with V grooves [10], 15-K pulse tube coolers, and a 4-K J-T 269 
with 2ST precoolers; ii) from 5K to 1.75K a parallel three-stage ADR for 270 
providing continuous cooling at 1.75K; and iii) from 1.75K to 100mK a 271 
multi-staged ADR with continuous cooling at 300mK and 100mK. Detailed 272 
schemes for this cooling chain are described in [11]. 273 
3.2 Telescopes and polarization modulator units 274 
The accurate, precise, and robust foreground cleaning requires 15 frequency 275 
bands covering a wide range of 34 to 448GHz. This will be achieved with  276 
two kinds of telescopes (Table 2): a reflective one for the lower frequency 277 
range (LFT); and refractive ones for medium and high frequency ranges 278 
(MHFT [12]). While the LFT uses crossed-Dragone reflective optics [13,14] 279 
to minimize effects from multi-reflection among refractive surfaces, the 280 
MHFT uses lens optics with the advantage of compactness. For the LFT, the 281 
F#3.0 and the crossing angle of 90° have been selected, since this 282 
combination suppresses the straylight [9,15] (Fig. 2), and aluminum is used 283 
as the mirror material [16]. All the telescopes are cooled down to 5K for 284 
suppressing thermal noise. 285 
Each telescope has a polarization modulator unit (PMU) [17,12,18,19], 286 
which consists of a transmissive half-wave plate (HWP) system rotated with 287 
a superconductive magnetic bearing (SMB), as the first optical element, 288 
close to the aperture stop to distinguish the sky and instrumental polarization 289 
components and to reduce the instrumental 1/f noise. The SMB enables 290 
contactless operation of the HWP system, which minimizes heat generation, 291 
through magnetic levitation by using YBCO bulk and permanent SmCo 292 
magnets. The LFT HWP system consists of multi-layer stacked sapphire 293 
HWPs with optical axes shifted relative to each other to achieve high 294 
polarization efficiency over the wide frequency range [20], while the MHFT 295 
employs the metal-mesh HWPs [19]. At the top and bottom surfaces of the 296 
LFT HWP system, we adopt anti-reflection with sub-wavelength structure 297 
produced by laser machining. A cryogenic testbed is designed to study 298 
interactions, such as between space-optimized detectors and the PMU, 299 
consisting of a magnetically levitated and rotating HWP system [21]. 300 
3.3 Detectors and readout 301 
Transition-edge sensor (TES) bolometers are used to form multichroic pixels, 302 
based on maturity from successful ground-based and balloon experiments 303 
[22].  TES bolometers are coupled with a silicon lenslet and a sinuous 304 
antenna for individual broadband pixels for LFT and MFT, while silicon 305 
platelet-based corrugated horn and orthomode transducers are used for HFT 306 
[23,24]. The noise equivalent power of TES bolometer is proportional to 307 
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√(Psat Tb), with the Tc/Tb ratio being optimized. Here Psat, Tc, and Tb are the 308 
saturated power, transition temperature, and thermal bath temperature, 309 
respectively. The TES parameter optimization for LiteBIRD, towards low 310 
saturation-power detectors for the satellite environment, has been carried out, 311 
as well as a sensor impedance that readily couples to the frequency domain 312 
multiplexer. The electro-thermal time constants are controlled by slowing 313 
down with the additional heat capacity. Details of these experimental results 314 
are described in [25]. Cosmic-ray mitigation methods have been developed 315 
by reducing propagation with palladium structures to absorb phonons and 316 
with the removal of bulk silicon to block phonons [26]. Readout will be 317 
carried out through digital frequency multiplexing, with 68 bolometers 318 
connected to each SQUID array amplifier [27,28]. The updated focal-plane 319 
designs and the expected sensitivities are shown in Fig. 2. 320 
4. Foreground cleaning and systematic uncertainty studies 321 
The focal-plane designs have been determined through iterations with 322 
sensitivity calculations based on thermal studies [10], as well as with 323 
foreground cleaning (by using methods described in [29,30,31,32]) and 324 
systematic uncertainty studies. The baseline foreground-cleaning results 325 
have been obtained based on an eight-dimensional parameterization of the 326 
foregrounds, including synchrotron power-law spectral index plus curvature 327 
and effective temperature of dust, plus power-law index of dust emissivity 328 
for Q and U Stokes parameters, each of which is allowed to vary across the 329 
sky. Systematic uncertainties have also been studied [33], including beam 330 
systematics [14], instrumental polarization and HWP harmonics, 331 
polarization efficiency, relative and absolute gain, pointing, polarization 332 
angle, time correlated noise, cosmic ray glitches, bandpass mismatch [34], 333 
transfer function, non-linearity, and non-uniformity in HWP, with realistic 334 
ground/inflight calibration methods taken into account [e.g.,15,35]. Through 335 
all these studies, it has been shown that the updated focal-plane designs 336 
satisfy LiteBIRD’s full success of the total uncertainty in the tensor-to-scalar 337 
ratio of less than 0.001, with its uncertainty budgets distributed comparably 338 
into a statistical part (including foreground residual and lensing B-mode), a 339 
systematic part, and a margin. 340 
Acknowledgements This work was supported by World Premier International Research Center Initiative 341 
(WPI), MEXT, Japan, by JSPS Core-to-Core Program, A. Advanced Research Networks, and by JSPS 342 
KAKENHI Grant Numbers JP15H05891, JP17H01115, and JP17H01125. The Italian contribution to the 343 
LiteBIRD phase A is supported by the Italian Space Agency (ASI Grant No. 2016-24- H.1-2018) and the 344 
National Institute for Nuclear Physics (INFN). The French contribution to the LiteBIRD phase A is 345 
supported by the Centre National d’Etudes Spatiale (CNES), by the Centre National de la Recherche 346 
Scientifique (CNRS) and by the Commissariat à l’Energie Atomique (CEA). A Concurrent Design 347 
Facility study focused on the MHFT and Sub-Kelvin coolers has been led by the European Space Agency 348 
(ESA). The Canadian contribution to  LiteBIRD is supported by the Canadian Space Agency. The US 349 
contribution is supported by NASA grant no. 80NSSC18K0132. 350 
351 
H. Sugai, et al. 
References 352 
1. A. A. Starobinsky, Phys. Lett. 91B, 99–102 (1980) 353 
2. K. Sato, Mon. Not. Roy. Astron. Soc. 195, 467–479 (1981) 354 
3. A. H. Guth, Phys. Rev. D23, 347–356 (1981) 355 
4. U. Seljak, M. Zaldarriaga, Phys. Rev. Lett. 78, 2054–2057 (1997) 356 
5. M. Kamionkowski, A. Kosowsky, A. Stebbins, Phys. Rev. Lett. 78, 357 
2058–2061 (1997) 358 
6. M. Hazumi, et al., J. Low Temp. Phys. 194, 443-452 (2019), DOI: 359 
10.1007/s10909-019-02150-5 360 
7. S. Takakura, et al., Astrophys. J. 870, 102 (11pp) (2019), DOI: 361 
10.3847/1538-4357/aaf381 362 
8. A. Miniussi, et al., J. Low Temp. Phys. 176, 815-821 (2014), DOI: 363 
10.1007/s10909-014-1104-x 364 
9. Y. Sekimoto, et al., SPIE Proc. 10698, 106981Y (2018), DOI: 365 
10.1117/12.2313432 366 
10. T. Hasebe, et al., SPIE Proc. 10698, 1069864 (2018), DOI: 367 
10.1117/12.2313034 368 
11. J.-M. Duval, et al., J. Low Temp. Phys. This Special Issue (2019) 369 
12. B. Mot, et al., J. Low Temp. Phys. This Special Issue (2019) 370 
13. S. Kashima, M. Hazumi, H. Imada, N. Katayama, T. Matsumura, Y. 371 
Sekimoto, H. Sugai, Applied Optics 57, 4171-4179 (2018), DOI: 372 
10.1364/AO.57.004171 373 
14. H. Imada, et al., SPIE Proc. 10698, 106984K (2018), DOI: 374 
10.1117/12.2312185 375 
15. H. Takakura et al., IEEE Transactions on Terahertz Science and 376 
Technology (2019), in press 377 
16. H. Sugai, et al., SPIE Proc. 10372, 103720I (2017), DOI: 378 
10.1117/12.2273765 379 
17. Y. Sakurai, et al., SPIE Proc. 10708, 107080E (2018), DOI: 380 
10.1117/12.2312391 381 
18. F. Columbro, P. de Bernardis, S. Masi, Rev. Sci. Instrum. 89, 125004 382 
(2018), DOI: 10.1063/1.5035332 383 
19. G. Pisano, et al., SPIE Proc. 9153, 915317 (2014), DOI: 384 
10.1117/12.2056380 385 
20. K. Komatsu, et al., SPIE Proc. 10708, 1070847 (2018), DOI: 386 
10.1117/12.2312431 387 
21. T. Ghigna, et al., J. Low Temp. Phys. This Special Issue (2019) 388 
22. A. Suzuki, et al., J. Low Temp. Phys. This Special Issue (2019) 389 
23. B. Westbrook, et al., J. Low Temp. Phys. This Special Issue (2019) 390 
24. A. Suzuki, et al., J. Low Temp. Phys. 193, 1048-1056 (2018), DOI: 391 
10.1007/s10909-018-1947-7 392 
Updated design of the CMB polarization experiment satellite LiteBIRD 
25. G. Jaehnig, et al., J. Low Temp. Phys. This Special Issue (2019) 393 
26. Y. Minami, et al., J. Low Temp. Phys. This Special Issue (2019) 394 
27. M. Tsujimoto, et al., SPIE Proc. 10698, 1069847 (2018), DOI: 395 
10.1117/12.2311579 396 
28. A. Lowitz, A. Bender, M. A. Dobbs, A. Gilbert, SPIE Proc. 10708, 397 
107081D (2018), DOI: 10.1117/12.2311984 398 
29. J. Errard, R. Stompor, arXiv:1811.00479v1 (2018) 399 
30. M. Remazeilles, C. Dickinson, H. K. K. Eriksen, I. K. Wehus, Mon. Not. 400 
R. Astron. Soc. 458, 2032-2050 (2016), DOI: 10.1093/mnras/stw441 401 
31. H. K. Eriksen, J. B. Jewell, C. Dickinson, A. J. Banday, K. M. Górski, C. 402 
R. Lawrence, Astrophys. J. 676, 10–32 (2008), DOI: 10.1086/525277 403 
32. K. Ichiki, H. Kanai, N. Katayama, E. Komatsu, Prog. Th. Exp. Phys. 404 
2019, 033E01 (2019), DOI: 10.1093/ptep/ptz009 405 
33. H. Ishino, et al., SPIE Proc. 9904, 99040X (2016), DOI: 406 
10.1117/12.2231995 407 
34. D.-T. Hoang, et al., J. Cosmol. Astropart. Phys. 2017, 015 (2017), DOI: 408 
10.1088/1475-7516/2017/12/015 409 
35. Y. Minami, H. Ochi, K. Ichiki, N. Katayama, E. Komatsu, T. 410 
Matsumura, arXiv: 1904.12440v1 (2019) 411 
 412 
